Human activities impose novel pressures on amphibians, which are experiencing unprecedented global declines, yet population-level responses are poorly understood. A growing body of literature has revealed that noise is an anthropogenic stressor that impacts ecological processes spanning subcellular to ecosystem levels. These consequences can impose novel selective pressures on populations, yet whether populations can adapt to noise is unknown. We tested for adaptation to traffic noise, a widespread sensory 'pollutant'. We collected eggs of wood frogs (Rana sylvatica) from populations from different traffic noise regimes, reared hatchlings under the same conditions, and tested frogs for differences in sublethal fitness-relevant effects of noise. We show that prolonged noise impaired production of antimicrobial peptides associated with defence against disease. Additionally, noise and origin site interacted to impact immune and stress responses. Noise exposure altered leucocyte production and increased baseline levels of the stress-relevant glucocorticoid, corticosterone, in frogs from quiet sites, but noise-legacy populations were unaffected. These results suggest noise-legacy populations have adapted to avoid fitness-relevant physiological costs of traffic noise. These findings advance our understanding of the consequences of novel soundscapes and reveal a pathway by which anthropogenic disturbance can enable adaptation to novel environments.
Introduction
Human-induced rapid environmental change [1] is increasing globally, imparting a myriad of lethal and sublethal effects on wildlife populations (e.g. [2] [3] [4] [5] [6] [7] [8] ), including physiological stress and immune suppression. It is becoming clear that the consequences of anthropogenic threats can provide selective pressures through which natural selection may occur, resulting in contemporary evolution over ecological timescales [9] [10] [11] [12] [13] [14] . Indeed, previous studies have demonstrated population-level adaptation to anthropogenic stressors in the local environment [15] [16] [17] [18] [19] [20] .
Human-generated noise is a growing, nearly ubiquitous pressure that is a by-product of transportation, resource extraction, defence and infrastructure development [21] . Noise from transportation networks is a global source of habitat degradation [22] , which is one of the leading threats to global biodiversity [23] . Transportation noise is the leading cause of rising levels of anthropogenic noise [21, 24] . Traffic noise, which is produced along a growing, branching network of roads, is audible by humans nearly everywhere in the United States [21] , and anthropogenic noise has caused a more than doubling of ambient noise levels in over half of the United States' protected areas [25] . Anthropogenic noise impairs species' abilities to carry out critical functions [26, 27] including mate attraction [28] , foraging efficiency [29] , communication [30] , anti-predator behaviour [31] and the rearing of offspring [32] . Noise alters biological processes across ecological scales [21, 22, 27, [33] [34] [35] from subcellular and molecular impacts on chromosomes [36] and stress physiology [3] to community-level changes in species composition [7] and altered ecosystem services including pollination and seed dispersal [37] . Recent research suggests that the collective negative impacts of noise may impair organismal fitness [32, 38] . Despite the established fitness-relevant costs of noise on both humans and wildlife, whether populations can adapt to noise is unknown.
The neuroendocrine system may play an important role in adaptive responses to noise pollution [27] . The hypothalamic-pituitary-adrenal (HPA) axis is a key component of this system, which promotes and maintains homeostasis [27] . Anthropogenic noise elicits physiological stress responses across vertebrate taxa [3, [38] [39] [40] [41] [42] . Vertebrates respond to physiological stress through the highly conserved, hypothalamus-mediated production of glucocorticoids [43] (cortisol or corticosterone, CORT). Short-term elevated concentrations of CORT can promote a beneficial response to a stressor by mobilizing energy stores, suppressing non-critical functions, returning the body to allostasis and priming future responses to stressors [43] . Prolonged exposure to elevated levels of these stress hormones, however, is associated with deleterious effects including impaired immune function, suppressed reproduction and reduced survival [5, 43, 44] . Some populations can acclimate to chronic anthropogenic stressors [45] [46] [47] . Whether populations can adapt to the deleterious costs of chronic physiological stress from prolonged traffic noise remains unresolved [48] . For example, European blackbirds (Turdus merula) from city habitats have lower stress responsiveness than those from forest habitats, which may be an adaptation to minimize the costs of prolonged exposure to stressors [16] mediated by plastic or heritable changes in the corticosterone response [49] . Alternatively, such reduced responsiveness could be a result of early developmental effects [16] .
We tested whether a population's history of exposure to traffic noise affected an individual's physiological stress (CORT) and immune responses (production of antimicrobial peptides (AMPs) and leucocytes) to traffic noise using wood frogs (Rana sylvatica). Wood frogs are an excellent system for investigating the eco-evolutionary consequences of noise stress because they: (i) exhibit CORT responses to traffic noise playback [3] ; (ii) mount quantifiable immune responses to prolonged stressors, including production of increased numbers of monocytes [50, 51] ; (iii) secrete from granular glands quantifiable levels of fitness-relevant AMPs, an important component of innate immune defence in amphibians [52] ; (iv) breed in ephemeral ponds along a gradient of traffic noise; and (v) exhibit local adaptation associated with high site fidelity over small spatial scales [53] . Using a laboratory acoustic playback approach [3] , we examined two questions. First, we explored whether chronic exposure to a traffic noise stressor alters fitness-relevant immune function, because natural stressors and experimentally elevated glucocorticoids reduce AMP production [54] , alter leucocyte profiles [50] and impair a delayed-type hypersensitivity-like swelling response [55] . Second, we investigated whether populations of wood frogs from traffic noise-legacy breeding ponds (ponds near high-traffic roadways built during the 1940s-1960s), raised from eggs in the laboratory, exhibit suppressed CORT responses to prolonged traffic noise exposure, which may allow them to avoid costs of elevated CORT.
Material and methods
Full details are available in the electronic supplementary material.
(a) Egg collection, housing and care
Sixty-one wood frog egg masses were obtained from nine ephemeral ponds in Connecticut, New York and Pennsylvania, USA,  between 28 March and 16 April 2013 (electronic supplementary  material, table S1 ). The ponds differed in intensity of traffic noise and proximity to roads: four 'traffic noise-legacy' ponds were located 25-95 m from interstates or major highways (sound pressure level (SPL) of ambient noise: 64-70 dBC); and five 'quiet' ponds were in quiet sites located 1190-5315 m from the nearest major road (SPL of ambient noise: 51-58 dBC; electronic supplementary material, table S1). SPLs were measured using a handheld digital sound level meter (RadioShack 33-2055, RadioShack Corporation, Fort Worth, TX, USA) with C-weighting and fast response. Conductivity, salinity and pH were measured near the pond's edge in approximately 50 cm of water, at a subset of quiet and noisy sites using an Oakton PCSTestr 35 (Oakton Instruments, Vernon Hills, IL, USA). All pond sites were located in forested areas with partial canopy cover, and no uniform trends in conductivity, salinity or pH between site types were detected (electronic supplementary material, table S1).
At least five egg masses were collected from each pond. Individual egg masses were hatched in 18 l tubs and placed on metal racks in a temperature-, humidity-and light-controlled animal care room (208C, 12 hr light : 12 hr dark cycle). Egg masses hatched within 1-5 days, after which tadpoles were fed ad libitum, through metamorphosis. After forelimbs emerged (Gosner stage 42 [56] ), individuals were transferred to 64 oz plastic containers. Five metamorphosed frogs from the same clutch were housed together initially and then transferred to individual housing and reared for at least two months.
(b) Experimental design and acoustic playback
We used a split block design, in which acoustic treatment (traffic noise or quiet control) was randomly assigned to a playback room. Each treatment was replicated in two different rooms to reduce any potential impacts of extraneous factors associated with each room. All rooms were controlled and carefully monitored for temperature, humidity and light cycle. Vertical and horizontal surfaces in rooms were partially covered with sound absorbing fabric to minimize reverberations. The quiet control stimulus was designed to be representative of ambient sound at quiet sites as well as to provide a consistent ambient acoustic and vibrational background and to minimize any effect of sporadic mechanical noise from the air handling system present in all rooms. The traffic noise stimulus contained this same quiet control signal with the addition of traffic noise (see Playback Stimuli Generation in the electronic supplementary material). The source level of the traffic noise signal was 75 dBC re 20 mPa at 1 m (i.e. the average distance of a frog enclosure to the speaker) for daytime traffic noise and 65 dBC re 20 mPa at 1 m for night-time traffic noise. The switch to night-time traffic noise every evening and return to the daytime stimulus the following morning simulates realistic traffic noise patterns. The source level for the quiet control was 57 dBC re 20 mPa at 1 m. No adjustment was made to the quiet control overnight, but an observer entered each room in the evening and morning to ensure human presence was consistent across all rooms. The acoustic treatment was played following rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20182194 methods described elsewhere [3] . All signals were representative of conditions we recorded in the field.
Metamorph frogs were individually housed, randomly assigned to a room and treatment and randomly positioned on a metal rack in the corresponding playback room. Broadcasting of acoustic stimuli occurred continuously for eight consecutive days. Frogs were fed fruit flies and crickets ad libitum three times weekly for the duration of the experiment.
(c) Antimicrobial peptide collection, partial purification and quantification
Owing to limited numbers of metamorphs from noisy sites, we used only those from quiet sites for the AMP experiment. The procedure consisted of a pre-treatment baseline peptide collection phase described elsewhere [4, 57] , followed by the exposure to the acoustic treatment for 8 days, and then an identical post-treatment peptide collection phase. Hydrophobic skin peptides were enriched as described elsewhere [4, 58] , concentrated by centrifugation, resuspended and analysed for the presence of the brevinin-1SY and temporin-1SY by matrix-assisted laser desorption ionization time of flight mass spectrometry.
(d) Blood collection and leukocyte counts
On the last day of the acoustic playback, frogs were weighed for mass and sacrificed following approved protocols. Blood was collected in heparinized microcapillary tubes, centrifuged and blood and plasma were stored separately at 2208C. We determined baseline plasma corticosterone concentration using enzyme immunoassay (Corticosterone High Sensitivity EIA Kits, Immunodiagnostic Systems (IDS) Ltd, UK) validated for this species.
Thin blood smears were made on glass slides, allowed to dry, fixed in methanol solution and stained using a Hema 3 stain kit (Fisher Scientific, Hampton, NH, USA) for leucocyte analysis. We present monocyte results here (lymphocyte, neutrophil and eosinophil results are presented in the electronic supplementary material).
(e) Statistical analysis
To determine the effect of acoustic treatment on AMP production in quiet populations, we fitted generalized linear mixed models in R v. 3.3.3 (R Foundation for Statistical Computing, Vienna, Austria) using the lme4 package [59] , followed by planned leastsquares means contrasts using the lsmeans package [60] . We fitted models for each peptide separately, with the presence or absence of the peptide as the response variable. The remaining analyses were conducted in JMP (SAS Institute, Inc., Cary, NC, USA). To evaluate the effect of traffic noise on AMP peak quantification, we fitted linear mixed models for each peptide separately, with the sum of the isotope peak area (natural log-transformed to fit model assumptions, plotted untransformed) as the response variable. To determine the effect of noise on AMP concentration, we fitted a linear mixed model, with concentration of total peptides (natural log-transformed) as the response variable. To determine the effect of noise on the mass change of frogs in the AMP experiment, we fitted a linear mixed model with mass change (natural log-transformed, plotted untransformed) as the response variable.
To determine whether the effect of site type and acoustic treatment on leucocyte counts differed by leucocyte type, we fitted a linear mixed model with leucocyte count (square root-transformed) as the response variable. To determine whether the leucocyte response to acoustic treatment differed by site type, we fitted individual models for each leucocyte type, with leucocyte count (square root-transformed) as the response variable.
To evaluate the effect of site type and acoustic treatment on glucocorticoid response, we fitted a linear mixed model with plasma CORT concentration (natural log-transformed) as the rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20182194 response variable. For the leucocyte and CORT models, we ran planned least-squares means contrasts to compare the following groups: (i) individuals from quiet sites exposed to traffic noise versus quiet control, (ii) individuals from noisy sites exposed to traffic noise versus quiet control, (iii) individuals from quiet sites exposed to traffic noise versus individuals from noisy sites exposed to traffic noise, and (iv) individuals from quiet sites exposed to quiet control versus individuals from noisy sites exposed to quiet control. One outlier each was removed from the leucocyte count and CORT analyses. Statistical tests were performed with significance level a ¼ 0.05.
Results
Frogs obtained as eggs from quiet ponds and raised under the same laboratory conditions were less likely to express detectable levels of AMPs following exposure to traffic noise compared to a quiet control ( figures 1 and 2a, figure 2c) . Traffic noise had a significant negative effect on the percentage of these frogs expressing detectible levels of brevinin-1SY (mass 2440 (m/z), figure 1), the only confirmed AMP described for this species [61] (generalized linear mixed model: z ¼ 2.220, p ¼ 0.027; figure 2a, figure 3a , table 2). Frogs collected as eggs from quiet sites and reared under the same laboratory conditions had increased monocyte counts in response to traffic noise compared to those exposed to the quiet control (planned least-squares means contrast: . That is, frogs exhibited a monocyte response to the novel acoustic stimulus. There was a similar trend of an interaction between acoustic treatment and site of origin on lymphocyte counts, and no significant interaction on neutrophil or eosinophil counts (electronic supplementary material figure S2, table S6) .
The plasma CORT concentrations of frogs following exposure to traffic noise were dependent upon the noise-legacy of their source populations (linear mixed model: treatment Â site type: F 1,81 ¼ 6.323, p ¼ 0.014; figure 3b, table 3 ). Frogs collected as eggs from quiet sites exhibited higher CORT levels in response to traffic noise compared to the quiet control (planned least-squares means contrast: F 1,81 ¼ 5.535, p ¼ 0.021, Cohen's d ¼ 0.726), whereas frogs obtained as eggs from traffic noiselegacy sites did not exhibit a difference in CORT levels between these two acoustic treatments (planned contrast: F 1,78 ¼ 0.925, p ¼ 0.339). Furthermore, when exposed to traffic noise, frogs originating from quiet sites had significantly greater CORT levels than those from noisy sites (planned contrast: 
Discussion
Taken together, these results show that prolonged exposure to traffic noise can trigger a physiological stress (CORT) response, impair the production of AMPs and increase relative counts of monocytes in post-metamorphic wood frogs obtained as eggs from quiet sites. Frogs from populations with histories of exposure to traffic noise, however, failed to exhibit a physiological stress and immune (leucocyte) response to traffic noise, despite being raised under the same conditions as frogs obtained from quiet sites. Road-side habitats can be exposed to other stressors that can affect amphibians, including chemical runoff and habitat loss [48, 62] , all of which could affect immune function and CORT levels. In this study, however, some of our traffic noise sites were upslope of roads ( preventing chemical runoff), and there were no consistent patterns in conductivity, salinity or pH between sampled quiet and noisy pond sites (electronic supplementary material, table S1). Similarly, all ponds were similar in depth (less than 2 m), contained similar substrate comprised of decaying vegetation and coarse woody debris and were similar in canopy cover. We collected eggs from multiple locations within ponds, thereby sampling across temperature microgradients. Noise level was the only consistent difference that we detected between these sites. However, it is possible that the differential responses to noise are owing to other unmeasured environmental differences between these sites, such as structural vibrations, and this would be a valuable direction for future research.
Previous research showed the CORT response to traffic noise is present after one night of traffic noise exposure [3] . The fact that frogs from quiet sites still exhibited a CORT response after 8 days of continuous noise exposure and experienced a smaller gain in mass compared with frogs exposed to the quiet control suggests that wood frogs do not become physiologically habituated to prolonged traffic noise over our study period, which represents the amount of time adult wood frogs spend breeding in ponds (less than 10 days) [63] . Therefore, it is unlikely that frogs are able to modulate their CORT response to noise through habituation during this critical breeding period. Additionally, the reduced mass gain over the exposure period may be a response to the cost of maintaining elevated CORT and could impact survival through compromised immune function.
Previous research demonstrates fitness costs of noise on non-human vertebrates (e.g. [32, 38] ). We provide evidence of the consequences of traffic noise on two fitness-relevant aspects of the innate immune response in a non-human vertebrate. Continuous exposure to traffic noise for 8 days resulted in fewer wood frogs expressing detectable levels of brevinin-1 and temporin-1 family peptides. Brevinin-1 family peptides are strongly inhibitory to Batrachochytrium dendrobatidis (Bd) [52, 64] , the aquatic fungal pathogen that causes the emerging infectious disease chytridiomycosis [65] . This pathogen is responsible for widespread extirpation and extinction of amphibians [66] . Populations may be locally adapted to express a suite of AMPs that enhance defences against the set of pathogens from a particular region [67] , and reductions in the expression of these AMPs can increase susceptibility to disease and death [58, 64] . Thus, fitness-relevant stressor-induced immunosuppression from anthropogenic change, such as we document here, may contribute to global amphibian decline [68, 69] .
We showed that frogs produced significantly greater relative numbers of monocytes when exposed to acoustic environments that differed from those under which their populations evolved. Leucocyte profiles are known indicators of stress [70, 71] . Studies have shown that different kinds of sounds alter leucocyte profiles, production and function in some rodents and birds [70, 71] . Like AMPs, leucocytes are one of the first lines of defence against disease from bacterial infections [71] , and monocyte responses may help individuals respond to natural physiological stressors such as disease (e.g. [72] ). The fact that we detected a trend of increased relative counts of monocytes in response to novel acoustic conditions (quiet conditions for noise-legacy populations and traffic noise conditions for quiet populations) parallels our previous findings of a physiological stress response to novel traffic noise [3] and supports the hypothesis that frogs from noisy sites may have adapted to noise stress to persist in noisy areas. However, it is important to note that the disease defence function of increased monocyte production may be a costly by-product of a general stressormediated response. If disease is not a direct outcome of noise stress, the monocyte response that we document here may be a maladaptive response to traffic noise, because it is an energetically expensive response [73] .
We found differences in CORT responsiveness of frogs to traffic noise based on the traffic noise status of their source pond. It is unlikely that acclimation to traffic noise explains these findings. Bronchial columella and oval windows, which probably aid in tadpole hearing, are not fully developed until late-hatchling stage (approximately Gosner stage 24) [56, 74] . Since all subjects in this study were collected as eggs within approximately one week of being laid, it is improbable that individuals from noisy sites would have been able to hear and acclimate to traffic noise. Alternatively, prior to being collected, embryos may have been exposed to water-borne vibrations from traffic activity near noisy sites. Adults of some species of frogs and salamanders can detect and use vibrations, and late-stage embryos of some arboreal-laying tree frogs can detect and respond to vibrations from snake predators [75] . However, to date, there is no evidence that early-stage wood frog embryos (i.e. less than one week old) can detect and acclimate to vibrations. Instead, wood frogs from noise-legacy populations may have adapted to traffic noise stress. Adaptation via maternal effects could be driving this response. Females that are stressed by traffic noise may prime their offspring to succeed under stressful conditions [76] by suppressing their CORT response to traffic noise, possibly through epigenetic effects [77] or CORT transfer to eggs [78] . Alternatively, it is possible that the suppressed CORT responsiveness to traffic noise may be a result of natural selection to avoid deleterious consequences of prolonged exposure to CORT [16, 79, 80] . Indeed, other studies have revealed microgeographical adaptation or maladaptation in amphibian populations in response to fluctuating environmental pressures (e.g. [19, 48, 53, 81] ), demonstrating that close proximity in amphibians does not prohibit local adaptation. In this study, the interstates and highways located adjacent to the sites from which the eggs were collected were constructed between the mid-1940s and the mid1960s. Mean generation time is approximately 2 -3 years in wood frogs [82] . If these responses are the result of evolutionary responses to selective pressure imposed by these roads, these changes may have occurred within approximately rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20182194 15 -35 generations. This rate of change is not unprecedented in response to anthropogenically induced environmental change [83 -85] . Future research should explore whether frogs from sites exposed to traffic noise have reduced CORT responsiveness to traffic noise only or to other stressors as well. Indeed, an overall suppression of the CORT response could be detrimental to individuals. Failure of CORTsuppressed individuals to mount an appropriate CORT response to an immediate threat (e.g. a predator) could have important, maladaptive fitness consequences [19] for traffic noise adapted frogs.
This study advances an understanding of species responses to novel environments by showing that populations can adapt to anthropogenic noise. We provide two lines of evidence of fitness-relevant immune costs of traffic noise-induced stress in amphibians and demonstrate population-level differences in physiological responses to traffic noise consistent with an adaptive response to environmental change. Adaptation, either via maternal effects or natural selection, may increase fitness and promote population persistence in the face of this growing anthropogenic perturbation [35, 48] ; however, the short-term costs of adaptation, and potential for maladaptive responses, remain unclear and warrant further investigation. A greater understanding of the benefits and costs of adaptive responses to traffic noise will shed light on the long-term consequences of species resilience to anthropogenic disturbance.
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